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Hydrological controls on heterotrophic soil respiration across an
agricultural landscape
Abstract
Climate change is expected to increase the intensity of precipitation, but our ability to model the
consequences for soil respiration are limited by a lack of data from soils that are saturated and draining. In this
study, we used large intact soil columns (28 × 30 cm) to 1) quantify changes in CO2 flux as soils drain from
saturated conditions, and 2) to determine which soil water metrics best predict instantaneous maximum CO2
flux. The columns were from three agricultural landscape positions that vary in soil properties. We simulated
water table fluctuations that were observed at the field site (and predicted to increase in future climate
scenarios) by flooding the columns from bottom to surface and then allowing the columns to drain for 96 h
while monitoring volumetric soil water content (VWC), water filled pore space (WFPS), water content
normalized to field capacity, matric potential, and CO2 flux. Mean cumulative CO2 flux was 4649 mg
CO2―C m− 2 96 h− 1. Regardless of landscape position, CO2 flux rates exhibited a single maximum slightly
below saturation, near field capacity. This result suggests that many field studies have not captured soil
respiration rates when water availability is optimum for heterotrophic respiration. Across landscape positions,
matric potential was the most consistent indicator of instantaneous maximum CO2 flux, with maximum
fluxes occurring within the narrow range of − 0.15 to − 4.89 kPa. In contrast, instantaneous maximum CO2
flux rates occurred between 95 and 131% of water content normalized to field capacity, 72–97% WFPS, and
29–45% VWC. Thus, our data suggest that instantaneous maximum CO2 flux rates, a key parameter in
ecosystem models, can be predicted across an agricultural landscape with diverse soils if matric potential is
used as a water scalar.
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Catena
Climate change is expected to increase the intensity of precipitation, but our ability tomodel the consequences for
soil respiration are limited by a lack of data from soils that are saturated and draining. In this study,we used large
intact soil columns (28×30 cm) to 1)quantify changes inCO2ﬂux as soils drain fromsaturated conditions, and 2)
to determine which soil water metrics best predict instantaneous maximum CO2 ﬂux. The columns were from
three agricultural landscape positions that vary in soil properties. We simulated water table ﬂuctuations that
were observed at the ﬁeld site (and predicted to increase in future climate scenarios) by ﬂooding the columns
from bottom to surface and then allowing the columns to drain for 96 h while monitoring volumetric soil water
content (VWC), water ﬁlled pore space (WFPS), water content normalized to ﬁeld capacity,matric potential, and
CO2ﬂux.Mean cumulative CO2ﬂuxwas 4649 mgCO2―C m
−2 96 h−1. Regardless of landscape position, CO2ﬂux
rates exhibited a single maximum slightly below saturation, near ﬁeld capacity. This result suggests that many
ﬁeld studies have not captured soil respiration rates when water availability is optimum for heterotrophic
respiration. Across landscape positions, matric potential was the most consistent indicator of instantaneous
maximumCO2ﬂux,withmaximumﬂuxes occurringwithin the narrow range of−0.15 to−4.89 kPa. In contrast,
instantaneous maximum CO2 ﬂux rates occurred between 95 and 131% of water content normalized to ﬁeld
capacity, 72–97%WFPS, and 29–45% VWC. Thus, our data suggest that instantaneousmaximum CO2 ﬂux rates, a
key parameter in ecosystemmodels, can be predicted across an agricultural landscapewith diverse soils ifmatric
potential is used as a water scalar.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Future changes in climate are expected to include more intense
precipitation events (Kunkel et al., 2008). Accurate prediction of CO2
ﬂuxes from terrestrial ecosystems during these precipitation events
will require an advanced understanding of relationships between soil
hydrology and soil C processes. However, a variety of approaches are
currently used to simulate the effects of soil hydrology on CO2 ﬂuxes
(Davidson et al., 2000). Resolving the relationship between soil water
and heterotrophic respiration would improve our ability to predict
interactions between climate variability and soil C ﬂuxes.
The timing, or relative rate, of CO2 ﬂux from a given soil is largely
controlled by photosynthesis rates, soil temperature, soil water, and
interactions among these variables (Reichstein et al., 2003). While the
effects of photosynthesis and temperature on soil CO2 ﬂux are both
generally positive (Högberg et al., 2004; Lloyd and Taylor, 1994), the
effect of soil water is more dynamic (Linn and Doran, 1984). When
temperature and photosynthesis effects are controlled, the functional
relationship between soil CO2 ﬂux and water content is typically
characterized by equations that exhibit a single maximum of CO2 ﬂux
at water content below saturation, but well above the wilting point
(Skopp et al., 1990). At high water contents oxygen diffusion into the
soil limits heterotrophic respiration (Linn and Doran, 1984) and CO2
diffusion from the soil limits CO2 efﬂux. As soil water contents
decrease below saturation, substrate diffusion begins to limit
microbial activity (Stark and Firestone, 1995).
While this general pattern iswell established, past studies have used
a variety of speciﬁc soil water scalars and equations to characterize the
effect of soil water on CO2 ﬂux. Equations include linear, quadratic,
logarithmic andGaussian forms.Water scalars include volumetricwater
content (VWC; i.e., θ), gravimetricwater content,waterﬁlledpore space
(WFPS; i.e., θ/θat saturation), matric potential (ψ), and water content
normalized to ﬁeld capacity, which is also known as relative soil water
content (RSWC; i.e., θ/θat ﬁeld capacity; Davidson et al., 2000). Among these
water metrics, gravimetric water content and VWC are not consistent
scalars of gas ﬂux across different landscape positions because water
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holding capacity is a function of texture and bulk density (Howard and
Howard, 1993).Matric potential is perhaps themost consistent scalar of
CO2 ﬂux across different landscape positions because it describes
thermodynamically available water (Sommers et al., 1981). However,
matric potential is difﬁcult tomeasure, andwhileWFPS and RSWC have
been suggested as alternatives (Franzluebbers, 1999; Linn and Doran,
1984; Reichstein et al., 2003; Skopp et al., 1990), their efﬁcacy across
soils with different biophysical properties is questionable (Schjønning
et al., 2003).
Further difﬁculty in the identiﬁcation of a consistent relationship
between soil water and CO2 ﬂuxmay be the result of unique limitations
imposed by laboratory or ﬁeld conditions. Many laboratory-developed
relationships between CO2 ﬂux and soil water scalars are limited by the
use of sieved, homogenized soil samples, while many ﬁeld-developed
relationships are limited by infrequent measurements, estimations of
water scalars, and an inability to sample when soils are near saturation.
In the laboratory, destruction of soil structure can signiﬁcantly alter the
biophysical function of soils. In the ﬁeld, infrequent measurements can
miss “hot moments” of CO2 ﬂux that account for disproportionately
largeﬂuxes of CO2 per unit time. Suchhotmoments of CO2ﬂux are often
the result of rapid changes in soil water status that promote microbial
respiration (Fierer and Schimel, 2003).
To advance our understanding of how large, rapid changes in soil
water content affect CO2 efﬂux, we bridged laboratory and ﬁeld
approaches by extracting large (28×30 cm) intact soil cores from the
ﬁeld and returning them to the lab where we could manipulate water
table ﬂuctuations while monitoring CO2 ﬂux and water availability
metrics at high temporal resolution. Soil cores were extracted from
three landscape positions that vary in soil properties. With this
experimental design, we asked: Is there a water availability metric
that consistently characterizes CO2 ﬂux across different landscape
positions? We were speciﬁcally interested in metrics that could
accurately predict when soil CO2 ﬂux reaches amaximum. Suchmetrics
will improve our ability to model hot moments in the C cycle because
most ecosystem models (e.g. Roth-C, Century) simulate heterotrophic
respirationbyﬁrst identifying thewater availability atwhich respiration
is maximum, and then attenuating respiration rates as soil dries using
relatively simple mathematical functions.
2. Materials and methods
2.1. Field location and sample collection
This research was conducted on soils collected from a ditch-drained
agroecosystem at the University of Maryland Eastern Shore Research
Farm in Princess Anne, MD USA (3812′22″ N, 75 40′35″ W; 5 m
elevation above mean absolute sea level). At this site, mean annual
precipitation and temperature are 1110 mm and 13 °C. Soil samples
were collected from a ﬁeld that is maintained in a maize (Zea mays L.)/
wheat (Triticum aestivum L.)/soybean (Glycine max (L.) Merr.) rotation.
Soils belong to the Othello series (ﬁne-silty, mixed, active, mesic Typic
Endoaquults) and are extensively ditched to drain excess water. The
cropped ﬁeld is bound by two ditches (b1.5 m deep). For N20 years,
these soils have received regular applications of poultry manure in
combination with synthetic fertilizer N at rates often exceeding crop
demand (e.g., 50–150 kg N ha−1). Detailed site information can be
found in Kleinman et al. (2007).
We divided the ﬁeld into four blocks that each included ditch, near-
ditch and middle-ﬁeld landscape positions. Soils from these locations
have signiﬁcantly different biophysical properties (Table 1; Castellano
et al., 2010). Within each block, one intact replicate soil column (28 cm
diameter×30 cm deep) was extracted from each landscape position
(n=4 replicates per landscape position x 3 landscape positions=12
columns). Soil coring sites were randomly selected within each block. A
30×30 cm schedule 80 PVC cylinder was pushed into the soil using a
2-Mg drop weight that was slowly lowered onto the upright cylinder. To
prevent soil compaction, the drop weight was not allowed to contact the
soil column surface. Soil columns were also visually inspected for
evidence of compaction after sampling. Columns were extracted by
removing the soil adjacent to the submerged cylinder and then tilting the
cylinder to cleanly break contact between the soil column and the
underlying subsoil. Subsequently, columns were inverted and washed
sandwas poured into the voids created by the separation of the soil at the
columnbottom.A layer of nylondrain fabricwasplacedover the sandas a
retainer, followed by a 30-cmdiameter PVC disk, perforatedwith roughly
60, 0.2-cm perforations. The diskwas held in place by a PVC cap sealed to
the cylinder with silicone. To allow drainage and ﬂooding, a hole was
drilled into the cap and ﬁttedwith a 1-cm PVC nozzle. Soil columns were
maintained at saturation when not in use for experimentation or
instrument installation. No plants were allowed to grow in soil columns
after collection. At each soil column collection site, we also sampled a
separate 5×30 cm companion soil core that was used to measure bulk
density and texture.
2.2. Sample treatment
We used the drainage nozzle at the bottom of the soil column
containers to manipulate the water table. Based on ﬁeld data from
groundwater monitoring wells (Vadas et al., 2007), we ﬂooded soil
columns fromthebottomto surfaceby applying apositive headofwater
to the soil column drainage nozzle. To do this, we connected the soil
column drainage nozzle to an 18.9 L bucket containing a solution of
0.0001MCaSO4 thatwas elevated above the soil surface.WeusedCaSO4
at this concentration because it provided a close match to the
groundwater monitoring well chemistry measured at the site.
To monitor VWC and matric potential in each soil columns, we
insertedVWCsensors and tensiometers through the sideof eachcolumn
at 10 and 20 cm below the soil surface and 3–4 cm into the soil column.
Tensiometers and VWC sensorswere inserted through opposite sides of
the soil columns. Insertion sites were sealed with a rubber stopper and
silicone caulk. Wires connecting the VWC sensors to data loggers ran
through the rubber stoppers. Similarly, the tensiometers extended
through the rubber stoppers.
Soil water content sensors obtained VWC by measuring the soil
dielectric constant (Decagon Devices, Inc. Pullman, WA). In homoge-
nized, 2 mmsieved soils, we calibrated the soil water content sensors to
be accurate within 2.5% VWC. Tensiometers were fabricated from
polyvinyl chloride (PVC) tubing, ceramic cups and rubber septa. The
ceramic cupwith a 1-bar air-entry value (SoilMoisture EquipmentCorp,
Santa Barbara, CA) was glued ﬂush against one end of the PVC tube and
ﬁrmly inserted into the soil. A rubber septumwas ﬁtted on the exposed
end of the PVC tube and sealed with vacuum grease. A pressure
transducer was ﬁtted to each tensiometer through the rubber septum
and also sealed with vacuum grease. Pressure transducers were
calibrated on a manometer in cm H2O; these data were converted to
kPa. The tensiometers were ﬁlled with de-aired water. Tensiometers
were fragile and prone to breakage. However, preliminary data
Table 1
Mean and standard error of physical properties at each landscape position (n=4). Data
are representative of a homogenized 0–30 cm samples. Different letters within a row
indicate a statistically signiﬁcant difference (pb0.05). From Castellano et al., 2010.
Soil properties Landscape locations
Ditch Near-ditch Middle-ﬁeld
Sand (g kg−1) 221ab (31) 172b (32) 249a (11)
Silt (g kg−1) 553 (32) 589 (32) 568 (18)
Clay (g kg−1) 227a (12) 240a (14) 183b (16)
Bulk density (g cm−3) 0.69a (0.08) 1.20b (0.04) 1.20b (0.03)
Total pore space (cm3 cm−3) 0.48a (0.00) 0.33b (0.00) 0.33b (0.00)
Total N (g kg−1) 1.73a (0.09) 1.29b (0.15) 1.36b (0.07)
Total C (g kg−1) 15.64a (1.18) 11.07b (1.72) 13.86ab (1.30)
C/N 9.007b (0.227) 8.416b (0.414) 10.132a (0.431)
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indicated matric potential at 20 cm was not correlated with CO2 ﬂux.
Accordingly, we did not measure matric potential at 20 cm during this
experiment. Soil water content sensors and tensiometers were
connected to dataloggers that recorded at one minute intervals
(Campbell Scientiﬁc Inc., Logan, UT).
To determine total porosity and saturation for each soil column,
we maintained a 2 cm head of water above the soil surface until
constant VWC was obtained (N1 week). Carbon dioxide ﬂux from the
soil columns was measured from a static ﬂux chamber that was ﬁtted
to the top of each soil column with a model 1412 Infrared
Photoacoustic Spectroscopy (PAS) gas analyzer (Innova Air Tech
Instruments, Ballerup, Denmark). One ﬂux-chamber lid was fabricat-
ed from a round PVC collar with an inner diameter of 28 cm and inner
height of 9 cm. The lid was vented, insulated with aluminum foil, and
contained three sampling ports. During ﬂuxmeasurement, the lid was
sealed to the soil column and connected in a closed-loop system with
the PAS gas analyzer. Total measurement time was 10 min with 2 min
sampling intervals and a sampling rate of 1.8 Lmin−1. Between
measurements, soil columns were open to the atmosphere. Carbon
dioxide ﬂuxes were obtained by ﬁtting a linear regression of gas
concentration against time after chamber closure and calculated as:
F =
ΔC
Δt
×
V
A
× ρ × α
where F is the gas production rate for CO2 (mg CO2―C m−2 h−1), ΔC/
Δt denotes the increase/decrease of CO2 concentration (C) in the
chamber over time (t), V is the chamber volume (m3), A is the
chamber cross-sectional surface area (m2), and ρ is the density of gas
at 20 °C and 0.101 MPa (1 mole per 24.04 m3), and α is the CO2―C
mass conversion coefﬁcient 12/44. The density of gas was calculated
based on 20 °C and not the actual air temperature because the PAS
instrument calculated the concentration of each gas at 20 °C.
However, all measurements were conducted in a laboratory with
relatively constant air temperature (18–20 °C).
2.3. Experimental protocol
Our manipulation of the water table was based on extensive
monitoring of the research site. Field monitoring indicated that
intense precipitation events can result in rapid water table ﬂuctua-
tions that brieﬂy saturate surface soils (hours–days) from the winter
to summer (Vadas et al., 2007). These soil saturation events can occur
immediately after fertilization. Accordingly, we added KNO3 at
100 kg ha−1N during the experimental water table ﬂuctuation to
match site fertilization history, and assess ﬂooding effects on potential
N2O emissions (Castellano et al., 2010).
We ﬂooded soil columns until they were saturated (as indicated by
soil water content sensors) and the water table was approximately
5 mm above the soil surface. After columns were saturated, we injected
100 kg ha−1 KNO3-N into the top 15 cm of each column using 19 gage
through-hole side-port spinal needles (Popper & Sons. Inc., New Hyde
Park, NY). To evenly distribute the KNO3 solution,we applied 20 equally
spaced 2 mL injections per column. Immediately after injecting the
KNO3 solution,we opened the soil columndrainagenozzles and allowed
columns to drain freely under the combined pressure potentials
produced by gravity and the underlying sand substrate (see column
description above). Although the KNO3-N solution injections slightly
increasedmatric potential and VWC, the increase was small and did not
persist for N10 min in any column. After pondedwater drained from the
soil column surfaces(≈10–15 min), we began tomeasure CO2ﬂux from
the soil columns as frequently as possible for 96 h.During this timeVWC
(10 and 20 cm) and matric potential data (10 cm) were automatically
recorded at 1 min intervals. Soil temperature was periodically moni-
tored with a food thermometer and ranged from 15 to 16 °C. We
repeated this procedure on four separate occasions, once per block of
soil columns. This allowed us to maximize the number of CO2 ﬂux
measurements per soil column.
In some cases, tensiometers malfunctioned during the 96 h
experiment. In these cases we modeled the missing matric potential
data with existing matric potential and VWC data. Modeled data
accounted for b20% of total matric potential data. The soil-speciﬁc
water content release curve was modeled using the Brooks and Corey
(1964) equation:
h = hb
θs−θð Þ
θs−θrð Þ
 −1 λ=
where h is the soil matric potential, hb is the bubbling pressure, θ is the
volumetric water content, θs is the saturated water content, θr is the
residual water content and λ is a ﬁtting exponent. Saturated water
content (θs) was taken from the measured drainage curve, and a
Monte Carlo approach was used to determine the remaining 3
parameters (θr, hb and λ). One hundred thousand (100,000) iterations
were run to adequately explore the possible range of the three
parameters. The parameter set with the lowest root mean square
error between the measured and modeled matric potential was
chosen for prediction of the missing matric potential data.
2.4. Data analyses
For each soil column,we calculated the rate of CO2 ﬂux as a percent
of the maximum rate within the column during the 96 h experiment
(Gulledge and Schimel, 1998). This procedure improves cross-site
comparisons of soil water controls on CO2 ﬂux by controlling for other
variables that affect the mass of CO2 ﬂux such as microbial biomass
and biologically mineralizable C. As such, the procedure is commonly
applied in ecosystem models to describe the effect of soil water on
heterotrophic respiration in the absence of other factors (Jenkinson
et al., 1990). We plotted these values against several common water
scalars including VWC (as measured above), WFPS, relative soil water
content (RSWC), and matric potential (as measured above). We did
this for each individual column and the pooled data set (N=12). We
did not ﬁt models (e.g. Gaussian, lognormal etc.) to CO2 ﬂux and the
water scalars because the high temporal resolution of our data
allowed us to simply select the maximum instantaneous CO2 ﬂux and
visually verify the appropriateness of this maximum.Water ﬁlled pore
space was calculated as:
WFPS = θ=θmax ð1Þ
Relative soil water content is volumetric water content expressed
as a function of ﬁeld capacity:
RSWC = θ=θfield capacity ð2Þ
We follow the deﬁnition of ﬁeld capacity introduced by Veihymer
and Hendrickson (1931): “the amount of water held in the soil after
the excess water has drained away and after the rate of downward
movement of water has materially decreased”. Accordingly, we
empirically determined ﬁeld capacity for each soil column by ﬁtting
a piecewise regression equation to the water retention curves:
If x N x0; y = a+ bxð Þ; if xbx0; y= a+ bx0ð Þð Þ−c x0−xð Þ0:5 ð3Þ
This analysis identiﬁed breakpoints where the linear function
changed to the curvilinear function. We used these breakpoints as
objective identiﬁers of ﬁeld capacity (Fig. 1). At these breakpoints, the
gravimetric potential of the soil is expected to be approximately equal
to the water potential of the soil. Although ﬁeld capacity is often
operationally deﬁned as the matric potential after a saturated soil has
drained for 2–3 days (typically between −10 and −33 kPa), ﬁeld
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capacity is dependent upon a combination of soil properties and
differs across soils and depths (Cassel and Nielsen, 1986). Even within
a given soil type or depth, ﬁeld capacity varies with water table depth.
Nonetheless, ﬁeld capacity is widely measured and used as a soil
water reference point in laboratory (e.g., Davidson et al., 2000;
Groffman and Tiedje, 1988) and modeling research (Del Grosso et al.,
2005; Reichstein et al., 2003). Our soil physics-based treatment of
ﬁeld capacity leads to an unambiguous relationship between our
laboratory columns and ﬁeld conditions. As a saturated column drains,
the gravitational potential drops linearly; that is, when thewater table
is 1 cm below the surface, the gravitational potential is−1 cm. Thus,
at the breakpoint identiﬁed by Eq (3), the gravitational potential
10 cm from the top of the soil (where our matric potential sensor lies)
is −20 cm (−2 kPa) because the total column length is 30 cm. As
evaporation begins, this pressure decreases. Thus, our measurement
of ﬁeld capacity in the lab is equivalent to the ﬁeld capacity that would
be measured in the ﬁeld when the water table is at −30 cm and
evaporation was negligible during the water table drop from 0 to
−30 cm. Because tensiometers were more sensitive to change in
water status than VWC sensors, we had multiple measurements of
matric potential that corresponded to one VWC measurement. For
piecewise regression analyses, we used the mean matric potential
measurement to yield one individual measurement of matric
potential for each individual measurement of VWC.
To determine the ability of each soil water scalar to consistently
predict maximum instantaneous CO2 ﬂux across landscape positions,
we compared the VWC, WFPS, RSWC, and matric potential at which
maximum instantaneous CO2 ﬂuxes occurred between landscape
positions with ANOVA and Fisher's Least Signiﬁcant Difference post-
hoc. To standardize variability in maximum instantaneous CO2 ﬂux
across water scalars that differed in range of data, we divided the
standard error of the mean value of each water scalar at which
maximum instantaneous CO2 ﬂux occurred by the range of data. This
allowed us to compare the relative success across these different
scalars. For example, across all 12 soil columns mean maximum
instantaneous CO2 ﬂux occurred at 0.88 cm3 cm−3 WFPS with a
standard error of 0.03. We divided the standard error (0.03) by the
range of WFPS at which we measured CO2 ﬂux, 0.55 cm3 cm−3 (i.e.
from 0.45 to 1.0 cm3 cm−3). We also used ANOVA and Fisher′s Least
Signiﬁcant Difference post-hoc to compare cumulative CO2 ﬂux during
the 96 h experiment as well as the instantaneous maximum CO2 ﬂux
rate measured between landscape positions. Data were tested for
normality and heteroscedasticity. In several cases within-landscape-
position variance was correlated with the mean, and these data were
square root transformed (Zar, 1999).
3. Results
3.1. Soil drainage properties
Soil drainage properties differed between landscape positions and
individual soil columns (Fig. 1). Piecewise regressions identiﬁed ﬁeld
capacity and described a large, signiﬁcant amount of variation in the
slopes of water retention curves across all soil columns (mean
r2=0.98; pb0.001; N=12). Field capacity at the 10-cm depth, as
identiﬁed by breakpoints in piecewise regressions, ranged from
−0.5 kPa to −3.8 kPa and occurred at a signiﬁcantly lower matric
potential in the Middle-Field soils compared to the Ditch and Near-
Ditch soils (Table 2).
3.2. Carbon dioxide ﬂux in response to soil water content
We measured CO2 ﬂux approximately 100 times per soil column
during the 96 h experiment. These measurements were focused on
the drainage period when VWC, matric potential and CO2 ﬂux
changed most rapidly. Cumulative CO2 ﬂux during the 96 h experi-
ment did not differ among landscape positions; mean (± standard
error) cumulative CO2 ﬂux was 4649±569 mg CO2―C m−2. Howev-
er, instantaneous maximum CO2 ﬂux was higher from the ditch soil
than the near-ditch or middle-ﬁeld soils (Table 2).
Across all soil columns and landscape positions, the functional
relationship between CO2 ﬂux rates and all water scalars at the 10 cm
depth exhibited a single maximum slightly below saturation. Within
soil columns and pooled across all soil columns, these data could be ﬁt
by a variety of functions that exhibit a single maximum (e.g. Gaussian,
log normal). In contrast, CO2 ﬂux rates and water scalars at the 20 cm
depth were not correlated; accordingly, these relationships are not
presented. All subsequent references to water scalars in this paper
refer to the 10-cm depth.
Matric potential was the most consistent indicator of maximum
instantaneous CO2 ﬂux across landscape positions (Figs. 2 and 3).
Maximum instantaneous CO2 ﬂux occurred within a narrow range of
matric potential (Table 2). In contrast, across landscape positions,
maximum instantaneous CO2 ﬂux occurred over a relatively wide
range of VWCs, WFPSs, and RSWCs (Table 2). Maximum instanta-
neous CO2 ﬂux from the Ditch soil occurred at a higher VWC and
RSWC and at a lower WFPS compared to Near-ditch and Middle-Field
soils (Table 2; Fig. 2). The x axes in Figs. 2 and 3 are scaled to
encompass the full range of all measurements for each water scalar
during the 96 h experiment. This is important to illustrate the relative
success of each scalar. Standardizing the error in mean maximum
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Fig. 1. Soil water retention curves for all replicate soil columns (N=12). Note difference in x axes scales which are truncated for clarity. Symbols indicate measured data;
circles=Block 1; squares=Block 2; triangles=Block 3 and diamonds=Block 4. Bold lines indicate piecewise regression model ﬁts to the data which were all signiﬁcant at pb0.001.
Mean r2=0.98.
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instantaneous CO2 ﬂux across the range of measurements for each
water scalar (pooled across all soil cores) illustrates that maximum
instantaneous CO2 ﬂux as a function of VWCwas 1503%more variable
than maximum instantaneous CO2 ﬂux as a function of matric
potential while WFPS and RSWC were 504% and 420% more variable
than maximum instantaneous CO2 ﬂux as a function of matric
potential, respectively (Table 2). Although VWC, WFPS and RSWC
were less effective indicators of maximum instantaneous CO2 ﬂux
Table 2
Mean and standard error of various indices andmass of carbon dioxide ﬂux. Different letters within a row indicate statistically signiﬁcant differences (pb0.01). *Relative variability is
calculated as the SE of each scalar at maximum CO2 ﬂux divided by total range of each water scalar measured during the 96 h experiment (see Methods).
Landscape positions
Ditch Near-ditch Middle-ﬁeld
Carbon dioxide ﬂux indices Mean SE Relative
variability*
Mean SE Relative
variability*
Mean SE Relative
variability*
Matric potential at ﬁeld capacity (kPa) −1.303b 0.043 – −1.504b 0.381 – −3.303a 0.254 –
Matric potential at maximum CO2 ﬂux (kPa) −0.678 0.200 0.018 −2.610 0.810 0.014 −2.033 0.997 0.019
Water ﬁlled pore space (WFPS) at maximum CO2 ﬂux (cm3 cm−3) 0.860 0.067 0.123 0.895 0.042 0.172 0.893 0.030 0.104
Relative soil water content (RSWC) at maximum CO2 Flux
(θ/θﬁeld capacity)
1.161a 0.062 0.079 0.968b 0.012 0.036 1.023b 0.024 0.070
Volumetric water content (VWC) at maximum CO2 ﬂux
(cm3 cm−3)
0.368a 0.029 0.097 0.290b 0.013 0.168 0.293b 0.010 0.096
Cumulative CO2 ﬂux (mg CO2―C column−1 96 h−1) 5933 1344 – 3267 426 – 4747 625 –
Instantaneous maximum CO2 ﬂux (mg CO2―C min−1) 229 65 – 59 6 – 95 13 –
%
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Fig. 2. Carbon dioxide ﬂux from each soil column as a function of matric potential, relative soil water content (θ/θﬁeld capacity), andWater Filled Pore Space (WFPS) measured at 10 cm
below the soil surface. To maintain scale across the water scalars, the x-axes encompass exactly the full range of data measured for each variable. Black circles indicate Ditch
landscape position, dark gray circles indicate Near-Ditch landscape position and light gray circles indicate Middle-Field landscape position.
277M.J. Castellano et al. / Geoderma 162 (2011) 273–280
than matric potential, maximum instantaneous CO2 ﬂux always
occurred above 95% RSWC. Despite the occurrence of maximum
instantaneous CO2 ﬂux in very wet soil conditions, CO2 ﬂuxes declined
to b30% of maxima during the 96 h experiment. Within landscape
positions, WFPS and RSWC characterized maximum instantaneous
CO2 ﬂux with similar variability.
4. Discussion
Regardless of water scalar, CO2 ﬂux data exhibited a single
maximum below saturation near ﬁeld capacity (Fig. 2). In agreement
with previous research, matric potential was the most consistent soil
water indicator of maximum CO2 ﬂux rates across different landscape
positions (Sommers et al., 1981; Fig. 2). Matric potential can span ﬁve
orders of magnitude from positive pressures (i.e. N0) to −1500 kPa.
However, instantaneous maximum CO2 ﬂux occurred within a narrow
range of matric potential (−0.15 to−4.89 kPa) in comparison to the
relatively wide ranges for VWC, RSWC and WFPS (Table 2; Fig. 2).
Although it is well accepted that VWC is not an effective scalar of CO2
ﬂux across landscape positions (Howard and Howard, 1993), WFPS is
regularly used to scale the relative magnitude of CO2 ﬂux across soil
types (e.g., Ball et al., 2008; Linn and Doran, 1984; Ruser et al., 2006).
When temperature and substrate are controlled, instantaneous
maximum CO2 ﬂux has been suggested to occur from 60 to 70%
WFPS (Franzluebbers, 1999; Linn and Doran, 1984; Scott et al., 1996).
However, our data and a growing number of reports demonstrate that
WFPS is not a consistent scalar of trace gas ﬂuxes across different soil
types (Castellano et al., 2010; Ruser et al., 2006; Schjønning et al.,
2003). Soil properties such as structure and bulk density canmodulate
relationships between trace gas ﬂux and WFPS (Castellano et al.,
2010; Schjønning et al., 2003).
More recently, RSWC has been suggested to serve as an effective
scalar of CO2 ﬂux across different soils (Del Grosso et al., 2005;
Reichstein et al., 2003; Skopp et al., 1990). In our experiment, RSWC
was a relatively consistent scalar of CO2 ﬂux when compared to WFPS
and VWC (Fig. 2). With the exception of one soil column, CO2 ﬂux
rates declined to b30% of maximum rates before columns drained to
85% RSWC. As suggested by previous work, instantaneous maximum
CO2 ﬂux occurred near ﬁeld capacity (i.e., RSWC=1.0; Gaumont-Gay
et al., 2006. Variation in the range of RSWC at which we observed
maximum CO2 ﬂux was largely attributable to maximum CO2 ﬂuxes
that were observed at RSWCN1.0 (i.e., above ﬁeld capacity); no
columns had maximum CO2 ﬂuxes below 95% RSWC. However, there
is no deﬁnitive method to measure ﬁeld capacity (Cassel and Nielsen,
1986). Field capacity varies with depth and as a function of a variety of
soil properties although it is often assumed to range from −10 to
−33 kPa (Papendick and Campbell, 1981; Potter et al., 1993). In our
data, ﬁeld capacity at the 10 cm depth ranged from−0.5 to−3.9 kPa.
Difﬁculties with the determination of ﬁeld capacity may complicate
the use of RSWC as a reliable scalar of CO2 ﬂux across different soil
types. When ﬁeld capacity is estimated from soil properties (rather
than directly measured), as is the case for most modeling work, RSWC
may not be as consistent a scalar of CO2 ﬂux as WFPS.
Because the CO2 ﬂux and soil water properties measured at 20 cm
were not correlated, it is likely that soil water properties above 20 cm
are controlling CO2 ﬂux from our soils. This would be consistent with
studies that have examined the relationship between CO2 production
and depth. Sanderman and Amundson (2010) showed that sub-soil
CO2 production only becomes a major proportional component of
total CO2 efﬂux when surface soils are dry and deep soils retain
enough moisture to support respiration. In contrast, when surface
soils are wet (as in our columns), diffusion from below is limited, and
CO2 efﬂux is dominated by surface soil CO2 production (Sanderman
and Amundson, 2010). Because we measured soil water discretely (at
two depths rather than continuously) we cannot identify the exact
depth at which soil water properties most accurately scale CO2 ﬂux.
The ideal depth in any given soil is likely to be a function of multiple
soil properties such as pore space distribution and organic C
distribution.
Across the three different landscape positions, matric potential
was an accurate indicator of maximum instantaneous CO2 ﬂux rates;
across all columns, peak CO2 ﬂux occurred within a narrow range of
matric potential. However, matric potential was not a consistent
scalar of CO2 ﬂux throughout the complete data range (Fig. 3);, as
water drained after peak CO2 ﬂux, concomitant decreases in CO2 ﬂux
and matric potential were not proportional. When described as a
function of matric potential, the relative rate of CO2 ﬂux declined
more rapidly in Ditch soils compared to Near-Ditch and Middle-Field
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Fig. 3. Carbon dioxide ﬂux pooled across all soil columns (N=12) as a function of
matric potential, relative soil water content (θ/θﬁeld capacity), andWater Filled Pore Space
(WFPS) measured at 10 cm below the soil surface. To maintain scale across the water
scalars, the x-axes encompass exactly the full range of data measured for each variable.
Gray triangles represent data from one soil column, Block 2 Ditch, which produced
outlying data.
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soils from this agricultural catena (Fig. 2). Nonetheless, all CO2 ﬂux
rates had declined to b40% of the maxima before columns drained to
−40 kPa, a relatively high water potential.
The low CO2 ﬂux when soils are saturated can be attributed to low
diffusion rates of both O2 (in) and CO2 (out), but there are at least two
mechanisms that could be working together to cause the onset of
declining CO2 ﬂux that was synchronous with water potential falling
just below ﬁeld capacity. The ﬁrst possible mechanism is that water
availability becomes limiting for microbial activity as soils dry. The
second possibility is that when water potential falls just below ﬁeld
capacity the ensuing O2 diffusion stimulates microbial respiration.
Following this pulse of C mineralization, CO2 ﬂuxes decline because
labile C stores are depleted. Most likely, both of these mechanisms
play a role because water availability and labile C availability decline
as soils dry. Labile C availability may decline due to direct
consumption or a decrease in diffusion; as matric potential falls
below saturation, substrate diffusion begins to decrease thereby
limiting microbial activity (Stark and Firestone, 1995). Discriminating
between these two mechanistic explanations for declines in hetero-
trophic CO2 ﬂux in draining agricultural soils will be an important area
for future research. Regardless of the mechanism driving the decrease
in CO2 efﬂux, matric potential appears to be an effective predictor of
peak efﬂux because it accurately deﬁnes the transition from saturated
conditions where CO2 efﬂux is limited by gas diffusion to conditions
where an optimal interaction between gas and substrate diffusion
leads to instantaneous maximum in CO2 ﬂux.
In our data it is evident that peak CO2 ﬂuxes occurred in very wet
conditions near ﬁeld capacity and then declined very rapidly as soils
drained. Rapid declines in CO2 ﬂux with soil drying have been
observed in the ﬁeld (Davidson et al., 1998, 2000; Lavigne et al., 2004),
but at a temporal resolution that misses much of the dynamic part of
our data. Our soil columns allowed us to measure CO2 ﬂux in intact
soils during extremely wet conditions that typically prohibit ﬁeld
measurements (i.e. saturation). This approach is an important bridge
between laboratory procedures that destroy soil structure and ﬁeld
approaches that often sacriﬁce temporal resolution and measurement
of matric potential. As high resolution data from automated ﬁeld
measurements become more available, our results from large intact
soil columns can be tested in the ﬁeld.
5. Conclusions
The dynamic relationship between CO2 ﬂux and water content
during short times of surface soil saturation is likely to become more
important as climate change increases the frequency of drying-
wetting events and intense precipitation that result in more frequent
occurrences of soil saturation (Kunkel et al., 2008). Although drying–
wetting events may reduce total C mineralization when aggregated
across time (Fierer and Schimel, 2003; Muhr et al., 2010), future
climate change trajectories are likely to increase the proportion of
total C mineralized during drying–wetting events. Our intact soil
column approach identiﬁed a pulse of post-saturation CO2 ﬂux that is
missed in most ﬁeld experiments. Modeling this hot-moment of CO2
production will be essential for predicting climate change effects on
soil respiration.
In most cases, ecosystem models simulate heterotrophic soil
respirationby identifying thewater availability atwhichCO2production
is highest (the instantaneous maximum ﬂux that we focus on in this
paper) and then scale this maximum rate based on declines in water
availability. However, different models use a variety of water scalars.
TEM and Biome-BGC use variations of θ/θmax (i.e. WFPS; Hunt et al.,
1996; Raich et al., 1991). CENTURY uses a modiﬁed equation for RSWC
[RSWC=(θ–θwilting point)/(θﬁeld capacity–θwilting point); CENTURY user
manual]. Roth-C (Jenkinson et al., 1990) applies RSWC in a different
way, empirically deﬁning ﬁeld capacity based on water stored in soil at
the end of winter. Our comparison of water scalars that are common to
thesemodels (RSWC andWFPS) against matric potential indicated that
in soils with varied physical properties from across an agricultural
landscape, matric potential will serve as the most effective water scalar
for modeling instantaneous maximum CO2 ﬂux.
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